I. INTRODUCTION

C
HEMICAL mechanical planarization (CMP) has been used broadly in interlayer dielectric (ILD) planarization, shallow trench isolation and copper damascene process for sub-micron integrated circuit fabrication. The understanding of the material removal mechanism in CMP should be based on understanding the roles of the cutting tools, or namely, the abrasives, and their interactions with other important input values such as the pad, chemical and wafer materials. The effect of abrasive size distribution in CMP has long been observed [1] - [7] , [15] , [18] . For example, experimental results show that there is an inverse proportional relationship between the abrasive size and the material removal rate (MRR) [2] , [3] . Connections between the size distribution and the scratching of wafer surface have also been observed and reported [5] , [6] . Beside the experimental research, however, there is a general lack of models that can accurately predict the performance of consumables, and specially, the abrasive particles. This limits the application of the experimental results for the optimization of the CMP process. A comprehensive model has been proposed by Luo and Dornfeld [8] to explain the fundamental mechanism and interactions of consumable parameters in solid-solid contact of CMP, including the abrasive size and size distribution. It is principally based on three assumptions: a regularly periodic pad topography, normal distribution of abrasive size and plastic deformations over the wafer-abrasive and pad-abrasive interfaces. The key idea of the model is that the effects of the consumables on material removal can be attributed to two sources. One is the number of active abrasives, and the other the material removed by a single abrasive, which is a function of the abrasive size. Based on the model, only part of the abrasives, or namely, the active abrasives are involved in the material removal process, Fig. 1 [8] . An "active" abrasive must satisfy two conditions. First, it should be located on the contact area between wafer and pad. The number of abrasives there is proportional to the weight concentration of abrasives in the slurry. Second, the abrasive should be large enough. The wafer will contact the largest abrasives first when a force is applied on the wafer top surface. A gap is formed between the pad and wafer surface in the neighborhood of the larger abrasives. Only abrasives larger than this gap can participate in material removal. Apparently, the distribution function affects both the size of active abrasives, and therefore, the volume removed by a single abrasive, and the number of active abrasives.
In [8] , a material removal formulation as a function of the process parameters including the down pressure and velocity as well as consumable parameters including the abrasive size distribution was proposed. The model predictions correlate with experimental results of MRR as a function of down pressure [8] .
To fully verify the roles of the abrasive size distributions proposed in the material removal model, however, experimental results of MRR as a function of abrasive size distribution are 0894-6507/03$17.00 © 2003 IEEE needed. Recently, tungsten (W)CMP experiments have been done by Bielmann et al. [3] using five different kinds of abrasive size distributions, which were measured using the dynamic light scattering technology. Five different material removal rates are obtained. In this paper, we discuss how the model prediction correlates with these experimental results. A detailed view of wafer-abrasive-pad contact is proposed to explain the roles of the abrasive size distribution. Material removal rate formulation as a function of abrasive size distribution was developed and verified.
II. DETAILED VIEW OF WAFER-ABRASIVE-PAD CONTACT AND MATERIAL REMOVAL RATE AS A FUNCTION OF ABRASIVE SIZE DISTRIBUTION
We propose the following detailed view of wafer-pad-abrasive contact, which has been discussed briefly in [8] . First, it is proposed that only part of the pad contacts the wafer directly. This part of the pad is called the contact area. This view of wafer-pad contact is shown schematically in Fig. 2(a) . The relationship between the down pressure , contact pressure and contact area can be obtained based on a contact model as shown in [8] . The contact area and contact pressure are functions of the down pressure, pad topography and pad materials. The abrasive geometry is assumed to be spherical. The active abrasives involved in the two-body abrasion will locate on the contact area, Fig. 2(b) -(e). When there is no abrasive, the wafer and pad contact area is a function of the wafer-pad topography and wafer-pad materials. Since the nanoscale active abrasives are much smaller than the micro-scale features of the pad topography and the pad surface is quite soft related to the abrasive and wafer surface, the final effective contact area and contact pressure in the situations where abrasives are embedded into the contact area, should be approximately equal to those without abrasives, Fig. 2(e) . The trend of this contact, which makes the effective contact area between the wafer and pad as close as possible to that without abrasives, is called "stable contact." There are four stages, Fig. 2(b) -(e), from the point that the wafer begins to contact the pad and abrasives to where the final "stable contact" is realized. When there is no down pressure applied on the wafer top surface, the abrasives will disperse on the pad contact area randomly, Fig. 2(b) . The number of abrasives located on the contact area is proportional to the abrasive weight concentration in the slurry [8] . The wafer and pad are separated by abrasives and the gap between them is equal to the size of the largest abrasives, Fig. 2(b) . Once down pressure is applied on the wafer top surface, the wafer will initially be supported by abrasives only, Fig. 2(c) . The effective contact area is approximately equal to , where is the number of abrasives over the contact area and the average size of abrasives. The forces applied on each single abrasive are quite large, and all the abrasives are embedded deeply into the pad. A very small gap is formed between the pad and wafer, Fig. 2 (c), which is a function of the pad hardness and force applied on the abrasives. The trend for wafer and pad to contact directly will push the abrasives to agglomerate. In this stage, some part of contact area is due to the direct contact between the wafer and pad, while another part of contact area is occupied by abrasives with closer relative locations, Fig. 2 
(d).
The effective contact area, equal to the direct contact area between the wafer and pad plus the area occupied by the abrasives, becomes closer to that without abrasives, Fig. 2 
The force applied on each single abrasive becomes smaller and therefore the gap between the wafer and pad becomes larger. Abrasives smaller than this gap are pushed off the contact area, indicating the number of abrasives is decreasing. The process increasing the direct contact between wafer and pad will continue until all the abrasives are finally packed closely, as shown in Fig. 2 (e). The effective contact area, , between wafer and pad in this stage is approximately equal to that without abrasives. The direct contact area will not increase and a stable gap is finally formed, Fig. 2 
(e).
From the above discussion, it can be seen that only a portion of the abrasives is involved in the material removal process and the portion of these active abrasives is determined by the gap , which is the lower bound of the active abrasive size. In most situations the distribution of abrasive particles sizes (i.e., diameters), , satisfies a normal probability density function [8] and (1) where is the mean abrasive diameter and the standard deviation. Then the area occupied by the abrasives in Fig. 2(e) , is approximately equal to (2) where is the number of abrasives on the pad asperities before down pressure is applied (i.e., number of abrasives in Fig. 2(b) ), and , a function of , is the average size of active abrasives which is larger than the gap . The total force supported by the abrasives should be equal to the contact pressure times the area , or
Note that in (3) is actually the number of active abrasives larger than .
The active abrasives are indented into the pad surface under forces , Fig. 2(f) . The indentation depth into the pad surface is for a single active abrasive with size . The indentation depth of abrasive into the wafer surface has been neglected here since it is much smaller than that in the pad surface [8] . Then the projected area of the indentation into the pad surface is approximately equal to (4) where is the radius of the projected area of the indentation. Note here that the indentation depth is much smaller than the abrasive size . Assuming the indentation leads to a fully plastic deformation [8] , the force applied on the single abrasive with size can be obtained as (5) where is the hardness of the pad. From (5) it is seen that the force on an abrasive with size is zero. The force supported becomes larger for larger abrasives.
Once the force applied on each single abrasive is known, the total force supported by all abrasives larger than gap can be calculated as (6) From (3) and (6), it is obtained that (7) For a specified abrasive size distribution, the gap can be obtained by solving (7) . The gap is a function of pad hardness, contact pressure (function of down pressure) and abrasive size distribution.
Based on the material removal model developed in [8] , the material removal rate can be written as the product of the active abrasive number and the volume removed by a single active abrasive per unit time, where is a constant independent of the abrasive sizes: (8) From (8), it could be seen that the role of the gap on material removal is twofold. When the is increased, Fig. 1 , the number of active abrasives is decreased, while the size of active abrasives is increased. Gap is a function of the contact pressure, pad hardness, and abrasive size distribution, (7) . Therefore, the roles of contact pressure, pad hardness, and abrasive size distribution on material removal are also twofold.
It is noted that it is difficult to obtain an accurate analytical solution of (7) . An approximate determination of gap is preferred. The contact pressure should be much smaller than the pad hardness so that the indentation depth into the pad is much smaller than the abrasive size . Therefore, the active abrasive size larger than is usually located in the tail of the distribution function. For a small change of gap in this region, the average size of active abrasives may be approximately taken as a constant value of . Then the gap is approximately (9) Substituting the approximate solution of gap in (9) into (8) and considering that the number of abrasives on the contact area before down pressure is applied is proportional to the weight concentration of the abrasives over the mean volume of a single abrasive, we obtain [10] , [14] [effective contact area is smaller than the contact area without abrasives; full contact mode [10] , where the space is approximately equal to zero and effective contact area is approximately equal to that without abrasives is an extreme case of the contact mode in (a)].
total number of abrasives. The is proportional to the average volume of a single abrasive and includes a term for the weight concentration of abrasives. For the same weight concentration, when the average abrasive size is larger, the total number of abrasive on the contact area is small, leading to a small material removal rate. It is noteworthy that there is an upper limit for the weight concentration. When the weight concentration is so large that the total contact area is occupied by abrasives, the material removal will saturate and the above formulation needs revision. This is discussed in detail in [9] .
The second part of (10) is a proportional function, representing the effect of abrasive size distribution on the number of active abrasives. The value of the proportion is smaller than 1, indicating that only part of the abrasives on contact area is active. The third part represents the effect of the average size of active abrasives on the material removal. (Note that the material removal is proportional to the square of the average size of active abrasives. This square term is introduced by the indentation model [8] .) The average size of the active abrasives is larger than the average size of all abrasives, including active and inactive abrasives. If the size distribution function of abrasive size is not considered, the MRR can be written as a function of the average size :
Here, part 2 in (10) is equal to one, and part 3 is equal to , indicating that all abrasives on the contact area are involved in the material removal process.
It is noted that recently Bastawros et al. [10] have proposed three contact modes between the pad and abrasive particles, namely, the full contact mode, the partial contact mode, and the non-contact mode. The partial contact mode and the noncontact mode can be found in Fu et al. [14] as well. The contact mode proposed in this paper, which is from the concept of "stable contact," e.g., the effective contact area between the wafer and pad with abrasives approximately equals that without abrasives due to the softness of pad, does not fall in these three modes. In the partial contact and noncontact mode proposed in [10] and [14] , similar to that in stage 3 of Fig. 2(d) , there is still room for abrasives to be packed close to each other so that the "effective" contact area is approximately equal to that without abrasives. An extreme case of the mode is that the total contact area is occupied by the abrasives and therefore there is no direct wafer-pad contact [9] . This is different from the "non-contact mode" by Bastawros et al. [10] and Fu et al. [14] . In the "non-contact mode" proposed in [10] and [14] , there is no need for abrasives to be closely packed to each other, which may be the case for a hard pad due to the small pad deformation [14] . In our extreme case, the abrasives should be closely packed to form a mono-abrasive layer [9] . The contact mode proposed in this paper separates the contact area into two different regions: one, the direct wafer-pad contact region, and the other, the closely packed region of abrasives. It is necessary to point out that the wafer-abrasive-pad contact shown in Fig. 2(e) is just one representative part of this contact mode. The top view of the total wafer-abrasive-pad contact with these representative regions dispersing randomly on the contact area is shown schematically in Fig. 3(a) as a comparison with the partial contact mode and full contact mode of Bastawros et al., [10] and Fu et al. [14] , Fig. 3(b) . The "full contact mode," in which each single abrasive is fully wrapped by the pad material as proposed in [10] , is an extreme case of the contact mode proposed in this paper.
It is also worthy to point out that when developing the material removal rate formulations [14, Eqs. (15) and (25)], Fu et al. [14] does not consider that the number of abrasives may be a function of abrasive size, which is proportional to in this paper. Therefore, while the model on the whole is quite reasonable, any experimental verification of material removal rate formulations [14, Eqs. (15) and (25)] as a function of the abrasive size might lead to some confusion.
III. EXPERIMENTAL VERIFICATION
Bielmann et al. [3] did extensive tungsten CMP experiments using five different distributions of abrasive size. We use this experimental data for model verification. Fig. 4 shows SEM/TEM pictures of three of the five abrasives [3] . The size distribution is measured using dynamical light scattering technology and is shown schematically in Fig. 5 [3] . The average sizes of the five kinds of abrasives (AKP50, AKP30, AKP15, AA07, and AA2) used by Bielmann [3] were 0.29 m, 0.38, 0.60, 0.88, and 2 m, respectively. By assuming that the size distribution satisfies a normal distribution, the standard deviation of the size distribution can be obtained using the measured data in Fig. 5 and are listed in Table I . Bielmann [3] changed the weight concentrations of abrasives from 2% to 15% and obtained the material removal rate as a function of median abrasive size under four concentrations, Fig. 6 . The MRR is also plotted as a function of weight concentration, Fig. 7 . The material removal rate saturates for a concentration larger than 10% for abrasive sizes 0.29, 0.38, and 0.60 m. The explanation of this saturation phenomenon is given in [9] . We concentrate here on the linear region, concentration smaller than 10%. Fig. 8 shows perfect correlation between the experimental results (average values of the experimental data under the three concentrations 2%, 5%, and 10%) and the model predictions of (10). It is found that with an increase in abrasive size, the decrease in material removal rate can be fit with a power function. From (10) we can see this is due to the exponent in the term of part 1 and coefficient in parts 2 and 3. The value is a function of consumable values including pad hardness, pad topography and down pressure [8] , [9] , but independent of the weight concentration. This implies that the weight concentration does not affect size dependence of material removal rate. Experimental results support this conclusion. Three values of the exponent ( , , and ), essentially equivalent, were obtained for slurry concentrations 10%, 5%, and 2%. When the weight concentration is 15%, the value of the exponent is much larger. This is because representing the effect of weight concentration is no longer a constant. Its value for concentration 15% is smaller for the smaller abrasive sizes (0.29, 0.38, and 0.6 m) than for the larger abrasive sizes (0.88 and 2 m) [9] . This contributes to the increase of the fitted exponent value. Moreover, it is noted that the distribution function of abrasives do play a significant role in the material removal from the fitted exponent values. Otherwise, the values should be equal or close to as indicated by (11) , instead of to . From the fitting process described above, it is found that only a small portion of abrasives are involved in material removal. The order of the portion (0.1%-0.4%) is the same as that determined from earlier experimental data [8] . This portion contributes significantly to the order of the material removal rate as mentioned in [8] . Otherwise, the order of material removal rate prediction [compare (10) and (11)] may be much larger. Table II lists the portion and the range of active abrasive size determined by fitting to the experimental data. The portion of active abrasives is close for the five size distributions in these experiments and the average sizes of active abrasives are close to , as assumed in approximate estimation of the gap in (8) and (10) . Therefore, a simplified relationship between the material removal rate and abrasive size distribution may be written as (12) This formulation also fits the experimental results quite well, Fig. 9 .
The model predicts that the cutting depth of the abrasives into the wafer is proportional to the abrasive size [8] . It is noted from experimental results in [3] that the tungsten wafer roughness after polishing is independent of the abrasive size. However, this is not in contrast with the model. The roughness due to the chemical reactions in tungsten CMP, including etching, dissolution and re-deposition, which are independent of the abrasive size, may be larger that that due to the abrasion (smaller than 1 nm). This indicates that the final roughness of polished tungsten wafer is due to the chemical reaction, but not exclusively the mechanical abrasive removal. The roughness is mainly a parameter related to the material removal by a single abrasive or chemicals/chemical reaction. The total material removal is equal to the number of abrasives times the material removed per single abrasive/chemical reaction. This indicates that although the roughness due to the chemicals are larger than that due to the abrasion, the material removal due to chemicals are not necessarily larger than that due to the mechanical abrasive removal.
It is also noteworthy that smaller abrasive sizes do not always benefit material removal rate. The material removal rate is equal to the number of active abrasives times the material removed by a single active abrasives. When the cutting depth predicted by the model is smaller than 0.1 nm, the material removed by a single abrasive may be minimal. In this case, even if the abrasive number is large, the total material removal rate may be still negligible. Therefore, the cutting depth, a function of abrasive size, wafer-pad contact area and down pressure [8] , set the lower boundary for abrasive sizes under a certain combination of down pressure and polishing pads in terms of large enough material removal rate. This conception of size boundary may be supported by newly published silicon oxide CMP data from Zhou et al. [15] . Note that Zhou et al. [15] did not provide the standard deviation information of the abrasive size distribution. If the average size is approximately 3 times the standard deviation , which is the case for the abrasive size distribution in [3] and Table I , the material removal rate in [15] follows formulation (12) 
IV. DISCUSSIONS ON STANDARD DEVIATIONS OF ABRASIVE SIZE DISTRIBUTION
The work here shows that the distribution of the abrasive size plays an important role in the material removal process. The effect of the standard deviation on material removal can be predicted using (10) . Fig. 10 shows the prediction for five mean abrasive sizes schematically. It is found that for each single size, a unique value of standard deviation exists. On the right side of the figure, the material removal rate increases with the standard deviation. And on the left side, the material removal rate decreases with the standard deviation. The right side region is called the "size dominant region," since on this side, the average size of the active abrasives [part 3 in (10)] increases with the standard deviation and the increase is much faster than the decrease of the active abrasive number [part 2 in (10)]. The left side region is called the "number dominant region," since in this region the decrease of the number of active abrasives is much faster than the increase of the active abrasive size. In normal cases, the standard deviation will fall in the "size dominant region" since it is quite difficult to manufacture fine abrasives with small standard deviations falling in the "number dominant region." This means that decreasing the standard deviation, or using fine abrasives, may not lead to larger material removal rate, if the standard deviation is not in the number dominant region.
In practice, filtering is sometimes used to remove the large abrasives to minimize scratching. While the number of surface scratches is reduced, it is usually found that the material removal is reduced as well. Based on the model, this is due to the reduction of the standard deviation in the size domain region. An optimal standard deviation, may be obtained based on the model, satisfying the requirements for minimum surface scratching, and large material removal rate simultaneously.
V. CONCLUSION AND FUTURE WORK
The abrasive size distribution plays an important role in the material removal in CMP. Basically, it influences the material removal from two aspects: the number of active abrasives, and the size of the active abrasives. In this paper, a model for material removal rate explaining the effects of abrasive size distribution has been proposed and verified. In the future, the application of the model for process optimization, for example, improving the nonuniformity by changing the standard deviation [11] - [13] or minimizing surface scratching and maintaining material removal rate by using optimal standard deviation, will be attempted.
